ABSTRACT
INTRODUCTION
Approximately 20-30% of open spina bifida (OSB) defects are too large to allow primary antenatal or postnatal skin closure 1 . For such cases, a variety of surgical techniques have been described, including bipedicular advancement flaps, z-plasty and myofascial turnover flaps [1] [2] [3] . However, it may not be feasible to perform some of these techniques in utero, and they may be associated with suboptimal and/or debilitating scars 4 .
A bilaminar skin substitute is a biotechnological graft developed for use in cases of large areas of skin loss or defects, such as burns, retracted scars and large accidental tissue loss 5 . It has two layers, designed to mimic the dermal and epidermal layers of the normal skin: a dermal matrix and a silicone layer, respectively.
We have reported previously our percutaneous fetoscopic technique for the treatment of OSB 4 , which involves placement of a biocellulose patch over the placode, with complete reapproximation of the fetal skin over the patch. In cases in which the skin defect is too large, primary reapproximation of the fetal skin is not possible. Therefore, an adaptation of our technique for management of these complex cases was necessary.
Using our validated animal model of OSB in sheep 6 , we have shown that a bilaminar skin substitute induces the formation of a neoskin 7 . In contrast to postnatal use of this product, when the silicone layer must be removed after 3 weeks and a skin graft needs to be applied, our animal study showed that, when applied in fetal life, all layers, including a new dermis and epidermis, developed and sealed the defect 7 . This effect had not been reported before.
A previous case report 8 has described the clinical use of a bilaminar skin substitute in the prenatal correction of OSB using an open fetal surgery approach. At birth, the silicone layer was not found at the surgical site, but had detached and was found floating in the amniotic fluid. Postnatally, therefore, the newborn underwent a secondary repair using a reverse latissimus dorsi flap 8 .
Here, we report our early experience with our percutaneous fetoscopic technique for the correction of OSB using a bilaminar skin substitute over a biocellulose patch.
METHODS
Patients with an ultrasound diagnosis of OSB with hindbrain herniation were offered fetoscopic treatment between May 2013 and January 2017 at Hospital do Servidor Publico Estadual, Hospital Samaritano and Hospital Albert Einstein. Inclusion criteria have been reported previously 4 , though inclusion and exclusion criteria changed over time (Table 1) . For example, patients with a prior Cesarean section were no longer excluded after the interim analysis of the first five cases, and further exclusion criteria were removed after completion of the Phase-I Cirurgia Endoscópica para Correção Antenatal da Meningomielocele (CECAM) trial 4 . In total, 47 cases were operated on over the study period, following maternal counseling by a multidisciplinary team. All patients gave written informed consent to undergo the procedure. Of note was that the surgical repair was performed up to as late as 28.9 weeks. This relative delay beyond the upper limit of 26 weeks used in the MOMS trial 9 was due to late diagnosis and referral. The first 10 cases in this series have been described previously as part of the CECAM trial 4 . Surgery was performed under total intravenous (IV) anesthesia with propofol (2 or 3 μg/mL, IV targeted controlled infusion). Induction of anesthesia was performed with fentanil (5 μg/kg, IV) and rocuronium (0.6 mg/kg, IV), followed by remifentanil (0.2 μg/kg/min, total IV anesthesia adjusted for depth of anesthesia by bispectral index). Neither direct fetal anesthesia nor intraoperative tocolytics were used. Inhalation agents were not employed from Case 34 onwards, after one of the medical team became pregnant, thereby preventing their use. The target end-tidal carbon dioxide (CO 2 ) level was kept between 35 and 40 mmHg. Sequential compression stockings on the lower extremities were used.
An ultrasound-guided amnioinfusion of 500 mL warmed normal saline was performed in order to create more space within the amniotic cavity to facilitate surgical access, thereby allowing safer entry of the trocars. The percutaneous Seldinger technique was then used to access the uterine cavity for placement of three or four trocars: two or three 11-French vascular introducers (Terumo ® , Tokyo, Japan) and a 5-mm balloon-tipped laparoscopic trocar (Applied Medical ® , Rancho Santa Margarita, CA, USA), when available. Nearly all amniotic fluid was removed using ultrasound-guided aspiration, then the initial intrauterine pressure was measured as soon as CO 2 insufflation started. The upper pressure limit was set at 3-5 mmHg above the initial uterine pressure, the mean was set at 14 (range, 10-18) mmHg, and the gas volume velocity was set at 30 mL/min. The fetus was positioned using standard 3.0-mm laparoscopic instruments under fetoscopic control using a 2.7-4.0-mm 30
• endoscope (Karl Storz ® , Tüttlingen, Germany). The neural placode was released using a circumferential incision at the transition zone, and the skin was further undermined to allow approximation of the edges in the midline. The placode was covered with a biocellulose patch (Bionext ® , Bionext, Paraná, Brazil). If primary skin approximation was feasible, the skin was closed over the patch with a 2-0 monofilament (non-absorbable polypropylene) single running stitch (Quill™ SRS, Angiotech, PA, USA).
If the skin defect was too large to allow primary skin approximation (Figure 1 ), two different patches were used: a bilaminar skin substitute (Integra ® Dermal Regeneration Template, Plainsboro, NJ, USA) placed on top of a biocellulose patch. Prior to their insertion through the trocar, the biocellulose patch was secured to the bilaminar skin substitute by one or two single sutures (Figure 2) , to ensure that the two layers would not slide past each other. The skin substitute with the attached biocellulose was then placed with the silicone layer facing up (exposed to the amniotic fluid). Care was taken to ensure that the patch was placed under the edges of the undermined skin. This was accomplished by using two running 4-0 mononylon stitches, one starting on the left and one starting on the right. The size of the biocellulose patch was determined as the smallest diameter needed to cover the dura mater gap, and the bilaminar substitute was 0.5 cm larger all the way around the biocellulose patch. Videoclip S1 demonstrates the surgical procedure in a 26-week fetus. The antibiotic cefazolin (1 g, IV) was given 1 h before surgery, intra-amniotically, and at 8, 16 and 24 h after surgery. Indomethacin (50 mg), a uterolytic anti-inflammatory, was given 12 h before surgery and for the first 24 h postoperatively. The uterolytic Atosiban (Ferring GmbH, Kiel, Germany) was used prophylactically in 23 of the 45 (51.1%) cases. Admission to the intensive care unit was not indicated routinely. Maternal hospital discharge occurred 2-3 days after surgery. Delivery was scheduled for 39 gestational weeks. Vaginal delivery was permitted from Case 28 onwards, because, in Case 27, labor was very short and the woman delivered vaginally with no complications. In cases of preterm prelabor rupture of the membranes (PPROM) before 34 gestational weeks, corticosteroids and antibiotics (2 g ampicillin and 250 mg erythromycin, IV, 6/6 h for 2 days, followed by 250 mg amoxicillin and 250 mg erythromycin, 6/6 h given orally for 5 days) were administered and vaginal antimicrobial agent given every 3 days until delivery. These pregnancies were managed expectantly with close maternal surveillance and delivery was recommended at 34 gestational weeks.
After birth, the bilaminar patch was kept in place and protected using a Mepilex ® (Molnlycke, Goteborg, Sweden) or Biatain ® Silicone Lite (Coloplast, Minneapolis, USA) wound dressing. These dressings have borders that were firmly adherent to the neonatal skin. Their purpose was to keep the lesion clean and free of feces and urine. Sutures were removed after spontaneous detachment of the silicone layer from the dermal matrix was noted (Figures 3 and 4) . The dressing was changed at least every 2-3 days, until complete skin healing had been achieved.
Neurological assessment of the cohort, including evaluation of anatomical level by ultrasound/magnetic resonance imaging (MRI) and clinical assessment for motor level (performed by a psychiatrist unaware of the anatomical level), was planned at 12 months' corrected age, but carried out as needed according to clinical indication, and is reported here. Neurological assessment at 30 months' uncorrected age is ongoing and will be reported in a separate study.
Statistical analysis
Descriptive data were assessed for all patients undergoing the surgical procedure. Continuous data were checked for normality using the Kolmogorov-Smirnov test and expressed as mean ± SD or median and range as appropriate. Demographic and operative characteristics associated with duration of surgery were assessed with bivariate analysis using Kruskal-Wallis testing. Those characteristics shown to have an association with the duration of surgery (min) (P < 0.10) were included in a linear regression equation, and the final model was achieved using both backwards and stepwise regression. Use of the bilaminar skin substitute was forced into the equations. A descriptive subanalysis was performed for those patients requiring a bilaminar patch.
RESULTS

Total cohort
Demographic characteristics of the 45 cases which completed surgery are given in Table S1 . As previously reported in the CECAM trial 4 , surgery could not be completed in two of the first 10 cases due to loss of uterine access during the procedure (Cases 3 and 5) . Conversion to open fetal surgery is not offered in our unit. Both cases were excluded. Surgery was completed successfully in all cases after Case 5. Relaxing incisions were not used. The mean ± SD gestational age at surgery was 26.8 ± 1.1 (range, 24.0-28.9) weeks (Table S2 ) and the mean operating time (skin incision to trocar removal) was 193 (range, 83-450) min. There were no episodes of fetal bradycardia and no need for emergency Cesarean delivery (Table S2) . Twelve (26.7%) cases were classified as myeloschisis.
All 45 cases delivered successfully, four by uneventful vaginal delivery and 41 by Cesarean section (Table S2) . PPROM (prior to 37 gestational weeks) occurred in 36 (80.0%) cases and a further two ruptures occurred after 37 weeks (premature rupture of membranes (PROM)). Fetuses remained in utero after surgery for a mean ± SD of 6.1 ± 2.6 (range, 1-13) weeks (Table S3) , and the smallest interval from surgery to delivery was 5 days (Case 27). Mean ± SD gestational age at delivery was 32.8 ± 2.5 weeks, and 15.6% (7/45) of the cases delivered prior to 30 gestational weeks. The mean ± SD birth weight was 1926 ± 512 g (Table S3 ). There were no fetal deaths, resulting in a total of 45 liveborn babies.
Two neonatal deaths occurred, one at 15 and one at 49 days of age, both of which were due to sepsis related to prematurity (one from neonatal intensive care unitacquired resistant bacterial infection). Two additional infants died, one at 7 months and one at 8 months, from shunt-related infection. Long-term follow-up was thus obtained in 43 cases, with a mean follow-up of 10.2 ± 7.6 months chronological age. Fifteen cases were 12 months or older at follow-up. Hindbrain herniation was assessed by prenatal MRI performed 3-5 weeks after surgery in 36 cases (four delivered prior to the scheduled MRI date and were therefore assessed postnatally); herniation had not reversed in four, two of which were myeloschisis cases. No symptomatic Chiari malformations occurred in any case, and only one surgery for tethered cord was performed (Table 2) , also in one of the myeloschisis cases. Local surgical repair at birth was needed in seven (15.6%) of the 45 cases, two cases from the two-patch group and five from the single-patch group. A total of 46.5% (20/43) of babies underwent ventriculoperitoneal shunt placement and four babies had successful third ventriculostomy treatment for hydrocephalus; there was no statistical difference between the two groups for these procedures ( Table 2) .
Bivariate analyses between duration of surgery and the following variables were performed: multiparity, prior Cesarean delivery, body mass index (BMI) ≥ 28, placental location anterior, gestational age at surgery ≥ 27 weeks, use of a fourth trocar, use of a balloon trocar, use of a bilaminar patch and case occurrence within the series. All variables, with the exception of use of the bilaminar patch and BMI, had a P-value < 0.10, and these variables were therefore eligible to be included in Data are given as mean ± SD, n or n/N (%). Ambulation defined as follows. Ambulator: walks indoors and outdoors for all activities; does not need crutches or braces. Community ambulator: walks indoors and outdoors for most activities and may need crutches or braces or both; uses wheelchair only for long trips out of community. Household ambulator: walks only indoors and with apparatus; able to get in and out of chair and bed with little if any assistance; may use wheelchair for some indoor activities at home and school and for all activities in community. Non-functional ambulator: walks only for therapy sessions, in school or in hospital; uses wheelchair to get from place to place and to satisfy all needs for transportation. Non-ambulator: wheelchair-bound but usually can transfer from chair to bed. *n = 28 for single-patch group and n = 12 for two-patch group due to neonatal or infant death (n = 4) and one case in which this information was unavailable. †Statistically significant (P < 0.05). CSF, cerebrospinal fluid; GA, gestational age; MOMS, Management of Myelomeningocele Study 9 ; MRI, magnetic resonance imaging; PPROM, preterm prelabor rupture of membranes; PROM, premature rupture of membranes; US, ultrasound examination. a linear regression equation for the duration of surgery (in min). Both prior Cesarean delivery and multiparity were associated with use of the bilaminar patch. For this reason, these variables were excluded from the models. The final model for the duration of surgery had an F-value of 11.39 and a P-value of < 0.001, with an adjusted R 2 of 0.4146. The model included use of the bilaminar patch (beta ± SE = 42.2 ± 21.9, P = 0.0607), an anterior placenta (beta ± SE = 52.3 ± 20.8, P = 0.0158) and sequential case numbers (beta ± SE = -2.8 ± 0.8, P = 0.0009). The interpretation of this model is that: (1) use of the bilaminar patch added approximately 42 min to the operating time; (2) for each additional case over time, the operating time decreased by approximately 3 min ( Figure 5 ).
Bilaminar skin substitute subgroup
Of the 45 OSB cases studied, 13 (28.9%) had skin defects that were considered too large to be closed primarily. Of these, 10 were associated with myeloschisis. In these cases with large defects, both a biocellulose patch and a bilaminar skin substitute were used. The bilaminar patch sizes varied from 2.5 × 1.5 cm to 5.0 × 3.0 cm, and biocellulose patch sizes varied from 2.0 × 1.5 cm to 4.0 × 2.0 cm. The mean operating time was 209 ± 64 min, compared with 187 ± 80 min in the single-patch group (P < 0.05).
All 13 cases delivered successfully; their details are summarized in Table 3 . At birth, the silicone layer was in place in all cases. Cerebrospinal fluid (CSF) leakage at birth occurred in one, which underwent immediate neurosurgical repair. Two other cases required postnatal surgical repair, due to a CSF fistula, one 3 months and one 6 days after birth; in the latter case the Voohries technique was used for repair 10 . This case (Case 10) was the very first case in which the bilaminar patch was used (Case 10 of the CECAM trial). No direct repair of the dura mater was performed in this case, and the biocellulose patch was placed under the fascial flap. The postoperative course was uneventful and no further CSF leakage occurred. While performing the postnatal repair in this case (Case 10), we found the silicone layer had 'flipped over', staying in direct contact with the neodura mater. We think that the silicone layer may have been caught accidentally during suturing. From this case onwards, we changed the suturing technique, so the skin substitute was sutured directly to the skin to avoid its misplacement (Figure 2b ). In addition, in the remaining 12 cases in which a bilaminar patch was needed, we made sure to keep the skin over the silicone edges so that the amniotic fluid could not dissect the bilaminar layers, thereby detaching the silicone from the dermal matrix. No skin substitute misplacement was noted in any subsequent cases. The placode was never found to be exposed, even in the three cases in which further postnatal correction was required. Thus, the goal of neuronal protection from the amniotic fluid was achieved in all cases. In the 8/13 cases that did not require subsequent correction, the silicone layer detached itself spontaneously, on average 25.3 ± 17.1 days after birth (Table 3) . After silicone layer detachment, complete healing by secondary intention occurred in all eight cases. No further surgical procedures were needed in any of these eight cases, as new skin was formed above the biocellulose (Figure 4 ). Complete reversal of hindbrain herniation occurred in 33.3% (4/12) of cases in the two-patch group and in 67.9% (19/28) of cases in the single-patch group (P < 0.05) with this information available.
DISCUSSION
Our data show that repair of large OSB defects using a bilaminar skin substitute over a biocellulose patch can be performed using our entirely percutaneous fetoscopic technique for the antenatal correction of OSB. Although the operating time was increased by 42 min, the surgical results were otherwise similar to those of cases in which the defect could be closed primarily. The postnatal repair of very large OSB defects is challenging and many techniques have been used, including z-plasty, myofascial flaps, bipedicular flaps and dermal matrix placement 1, 3, 10 . In humans, there are a few reports using innovative antenatal surgical techniques 9, [11] [12] [13] [14] and the use of bipedicular flaps via open fetal surgery was reported by Mangels et al. 1 in 2000. In their series of 56 cases, 13 with myeloschisis could not be closed primarily. Their technique involved making two lateral skin-relaxing incisions to allow the skin to be closed over the defect primarily, while the lateral incisions were allowed to heal by secondary intention 1 . However, none of the 12 survivors showed appropriate healing of the lateral incisions after an average of 53.8 (range, 12-79) days between surgery and delivery. Large areas of skin contractions remained around the wounds, with undesirable and cosmetic results that were difficult to correct. The authors were disappointed, as they thought that fetal healing in the intrauterine environment would result in better outcomes. As a result, they did not recommend using this technique for cases diagnosed as having myeloschisis. In our technique, the silicone layer provides an impermeable barrier that protects the underlying tissues from the purported toxic effects of amniotic fluid. In addition, since no other incisions are made, significant skin contractions such as those reported by Mangels et al. are not a concern. Healing of the midline surgical site is completed by an average of 6 weeks after surgery.
There has been one case report in which a bilaminar skin substitute was used antenatally via open fetal surgery 8 . The surgeons sutured the matrix adjacent to the skin, as recommended by the manufacturer. At birth, the silicone layer was detached from the lesion, with poor healing, so a muscular rotation flap was performed. In all except one of our cases, the silicone layer was present at the surgical site at birth; in one case, the silicone layer may have been flipped accidentally during surgery, but adequate skin healing was noted after birth. Only five of the 13 cases with bilaminar skin substitute in our present series required postnatal repair. One of these cases occurred during our learning curve, in the first 10 prenatal surgery cases in our series.
Pappana et al. 14 have reported the use of cryopreserved umbilical cord in two patients with myeloschisis treated via open fetal surgery. Surgery was performed at 24 weeks in one case and 25.5 weeks in the other and delivery by Cesarean section was performed at 37 + 1 weeks and at 37 + 3 weeks, respectively. At birth, the cryopreserved umbilical cord was in place, but the surrounding skin had not grown into it. There was no CSF leakage in either case, and both healed by secondary intention in approximately 30 days. The authors speculated that the exposure of the surgical site to amniotic fluid may have played a role in the lack of epidermal proliferation.
Belfort et al. 15 , in 2017, reported the successful use of a relaxing incision in 50% of cases in which a standardized technique was used, but there was CSF leakage after birth in 32% of their series, higher than the 20% (9/45) rate found in our series. One possible explanation for this difference may be related to their need to perform a relaxing incision since this is required only when the midline suture is too tight, which can cause poor healing. There were no cases requiring a relaxing incision in our series. Another possible explanation may be that they needed to use a suturable patch in order to achieve a primary watertight dural repair, which differs from the patch that we used.
Our animal experiments showed that all layers (epidermis, dermis and dura mater) develop using the combination of a bilaminar skin substitute over a biocellulose patch 7, 16 . In particular, new epidermis was formed below the silicone layer. This led us to believe that the use of this technique in humans would achieve similar results 17 , avoiding the complications associated with exposure to amniotic fluid. Nonetheless, we were concerned that the biocellulose could potentially prevent the dermal matrix from proliferating. In our animal experiments, we noted that the repair cells could not cross the biocellulose barrier. When the biocellulose is placed below the dermal matrix, the cells must migrate to the center of the lesion from the periphery of the defect. In the present series, we observed that the center of the lesion took longer than did the periphery to heal completely, although the size of the defect could also play an important role (Figure 3) .
The lack of complete reversal of hindbrain herniation in myeloschisis cases, when compared with cases of myelomeningocele, leads us to the conclusion that the former are more severe cases. We believe that counseling may have to be modified accordingly.
Our study has several limitations. The surgical access was not homogeneous in this series, with three or four trocars used as needed, and variations in brand of trocar used and whether a balloon trocar was used. Also, as the data show, surgical proficiency continued to improve with case load, such that earlier cases may not be reflective of our current skill level or set-up. We continue to investigate ways in which to decrease our PROM and prematurity rate, including, for example, reduction of trocar size and humidification of the CO 2 . Strengths of our study include the relatively large series of cases closed primarily and that it is the largest series to date reporting patients requiring a bilaminar patch. The ability to address large OSB defects with a percutaneous technique and without the abnormal scarring complications of other techniques is encouraging. Long-term follow-up, including neurological assessment of the cohort at 12 months corrected age and 30 months uncorrected age, is being conducted by our group to assess the risks and benefits of our surgical technique.
In conclusion, the antenatal repair of large OSB defects can be performed with a bilaminar skin substitute over a biocellulose patch using an entirely percutaneous fetoscopic technique. Although the operating time is longer in these cases, the surgical results are similar to those of cases in which primary closure is possible. PROM and preterm birth remain a significant problem. Further research is necessary to address the limitations of our technique and evaluate long-term neurological outcome.
SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Videoclip S1 Video demonstrating two-patch surgery for large open spina bifida in a 26-week fetus.
Table S1
Demographic data of study population of cases of fetal open spina bifida defect repaired using a biocellulose patch with or without a bilaminar skin substitute 
